We transformed a Pinus massoniana plantation, the most important conifer plantation in southern China, with four different transformation treatments, in which Pinus massoniana was thinned to a density of 70%, and then differing richness and compositions of enrichment plantings were added. In order to examine the effects of the transformation, we compared species composition, stand structure and growth pattern in transformed stands with those in control stands. The results suggested that in the transformed stands species composition was diverse with trees both from the enrichment plantings and from natural recruitment. The size structure was changed such that the diameter at breast height (DBH) distribution tended to shift from a nearly normal distribution to an irregular multi-modal distribution. Substantial new ingrowth was found in the small DBH classes. The residual trees in the transformed stands were significantly larger than in the control treatment. However, for all trees, the control stands had the largest mean size, even though the residual tree growth was significantly smaller in the control stands. Finally, transformation treatment A4, which had the smallest overall mortality rate and simultaneously the mortality rate of
Introduction
Pinus massoniana, one of the most prevalent plantation tree species in southern China, covers a total area of 12 million hectares and accounts for 7.74% of the total arboreal forest area in China [1] . Similar to other plantations, this monoculture conifer stand suffers from relatively low stability, low ecological services, and high susceptibility to disturbance [2, 3] . For example, in February 2008 about 18 million hectares of plantation in the subtropical regions of China were affected by heavy sleet and ice, causing economic losses on the order of magnitude of 57.3 billion Chinese Yuan (around 9.3 billion US Dollar) [4] . The even-aged stand structure is thought to be responsible for instability and vulnerability [5] [6] [7] .
In Central Europe, transforming single-species even-aged conifer stands into more irregular uneven-aged stand structures of multiple species has been widely adopted by foresters [8] [9] [10] . Stands of mixed species will not only continue to have economic value but will also provide a range of benefits, including greater resilience to climate change, increased wind stability, and improved biodiversity value [2, 11, 12] . Facing worsening environmental problems and increasing demands for ecological benefits from forest ecosystems, the forest sector in China has gradually started to focus on multi-purpose management rather than only on timber production as in the past [4, 13] . Transforming single-species even-aged plantation to uneven-aged mixed forest is the first step in multi-purpose forest management [14, 15] .
As early as 1996, pure plantation transformation with the objective of constructing a more realistically natural forest was first proposed in China by Zhang et al. , who suggested that near natural forest management is an important management alternative for sustainable forest development [16] . The first transformation experiment was carried out by Wang et al., who found a significant increase in easily decomposable litter and the formation of a sub-layer dominated by broad-leaved trees only three years after transformation [17] . Subsequent studies in many parts of China mainly focused on plantation species including Pinus yunnanensis [18, 19] , Larix olgensis [20] , and Pinus tabulaeformis [21, 22] . The studies all concluded that compared to control stands, transformed stands were improved in terms of species diversity, forest structure and soil quality. However, for Cunninghamia lanceolata and Pinus massoniana, the most significant plantation species in southern China, few transformation experiments were performed, though there were some articles addressing the necessity and feasibility of this transformation for multi-functional forest management [23, 24] .
In 2005, the Chinese Academy of Forestry converted a Cunninghamia lanceolata plantation into a mixed-species irregular forest by bringing in seedlings of more than 20 hardwoods prized for their timber on its experimental forest farm (Tropical forest research center, South China) [25] . The initial encouraging effect was recognized both nationally and internationally [25] . Building on this success, we then decided to transform the other most important regional plantation, dominated by Pinus massoniana, into a mixed-species irregular forest with different transformation treatments. We hypothesized that there would be an optimal transformation treatment which could significantly improve the stand quality compared to other treatments. Therefore, the objective of this paper are to (1) explore the species composition, stand structure and growth pattern in the transformed stands compared with control stands; (2) identify the optimal transformation treatment and (3) give corresponding suggestions for future forest management schemes.
Materials and Methods

Study Area
Our study was conducted in the Tropical Forest Research Center in Pingxiang City (found in the rectangle defined by 21°57′ N to 22°16′ N, 106°41′ E to 109°59′ E), located in the southwest of the Guangxi Zhuang Autonomous Region in south China (Figure 1 ). The southern subtropical humid climate has an annual average air temperature of 20.5-21.7 °C, and ranges from 13 °C to 28 °C. The annual precipitation averages 1386 mm. Elevations range from between 250 and 800 m and slopes range between 25% and 30%. The dominant parent rocks of soils are volcanic rock, granite, purple sand-shale, and sandstone. Forest soils are primarily a lateritic mountain soil and purplesoil [26] . The main vegetation types are Pinus massoniana, Cunninghamia lanceolata and broad-leaved plantation [27] . 
Experimental Design and Plot Establishment
We established five model stands with five different silvicultural treatments. Four of these treatments, designated A1, A2, A3, and A4, were the transformation treatments, in which Pinus massoniana was thinned to a density of 70%, and then differing richness and compositions of enrichment plantings were added. The thinning was from above. We selected 30% of total trees as future crops based on the stem quality and tree vigor and then the remaining 70% trees were removed, which inhibit the good crown development of the future crop trees. The fifth treatment was the control where no management was conducted (Table 1) . The enrichment plantings were various species of one-year-old seedlings with heights ranging from 20 to 30 cm. All of the four species used (Castanopsis hystrix, Erythrophleum fordii, Magnoliaceae glanca and Quercus griffithii) were native to the region and either economically valuable or ecologically valuable. For instance, Castanopsis hystrix and Erythrophleum fordii were hardwoods prized for their timber [28] [29] [30] . Quercus griffithii was able to improve soil quality due to its large amount of easily decomposable litter as well as nitrogen fixation by its nodule bacteria [31, 32] . Magnoliaceae glanca, which belonged to the Magnoliaceae family that had good stem form and timber quality, was of economical value [33] . The different densities in which these different species were planted (Table 1) were based on information from a long-term local reforestation trial using different broad-leaved tree species in different densities. Each of the five treatments was replicated four times on different sites in a randomized block design. The area of each block was ~3 ha. These four sites were distributed on different slope position and slope aspect. Site 1 was on the foot of a northeast-facing slope; site 2 was on the foot of a south-facing slope; site 3 was on the back slope of a southwest-facing slope; site 4 was on the back of a northeast-facing slope. Site 1 ranked first in terms of fertility and water availability followed by site 2, site 4 and site 3. The stands in all the four sites were established in 1993. The initial number of trees was 1350, 1175, 1100 and 1325 per hectare for sites [1] [2] [3] [4] All the trees and saplings were identified to the species level. We measured the understory saplings every year and the overstory trees every two years. Following Robert [34] , in the present study overstory was defined as trees with 5 cm diameter or greater, whereas understory referred to saplings with 1 cm or over and less than 5 cm diameter.
Analysis
Species Composition and Forest Structure
In each treatment, species composition was analyzed for both the overstory and the understory and reported in terms of number of tree species, number of stems and proportion. Trees/ha (stand density), volume/ha, basal area/ha, mean DBH, mean basal area, and mean value of each index of stand structure were calculated for each plot. Tree volume was calculated using the following formulas developed specially for this region: V = 0.714265437 × 10 
Growth Pattern
In order to investigate the growth pattern, ingrowth, survival growth and mortality were analyzed for Pinus massoniana, enrichment planting and natural regenerations, respectively. Ingrowth is the number or volume of trees that grew into the lowest diameter class of 5 cm during the growth study period. Survival growth refers to the growth of residual trees which were present in both inventories. For enrichment plantings and natural regenerations, ingrowth and mortality were examined between 2008 and 2014, whereas survival growth was investigated between 2010 and 2014, as there were no trees falling into the 5-cm diameter class in 2008. For Pinus massoniana, the growth pattern was analyzed between 2008 and 2014.
Statistical Analysis
An analysis of mean values was conducted on two groups of trees: (1) all trees present both in 2008 and 2014 and (2) trees present in 2008 and still alive in 2014 (i.e., residual trees). Comparisons between years to assess changes in DBH, basal area, and volume over the course of the study were performed using paired t-tests for each treatment. Two-way analysis of variance (ANOVA) was used to test for significant changes in size due to treatment or block effects. Pairwise comparisons among treatments were done using t-tests with a Bonferroni's adjustment to account for multiple comparisons. All analyses were carried out using R v.2.14.2 statistical software (R Foundation for Statistical Computing, Vienna, Austria).
Results
Species Composition
Overstory Species Composition
In 2008, after the transformation and enrichment planting, Pinus massoniana was the only tree species in the overstory, whether in the four transformation treatments or the control treatment. After six years of conversion, the transformation treatments were successful in shifting the single species composition towards a multiple species composition ( Table 2) . Pinus massoniana accounted for 43.5%, 39.3%, 41.1%, and 45.5% of total trees and 91.2%, 81.6%, 87.1% and 89.0% of total basal area in the four management treatments, respectively. Trees derived from the enrichment plantings and from natural regeneration had grown into the overstory. For instance, in the A2 treatment, the enrichment tree species Quercus griffithii and Erythrophleum fordii accounted for 43.8% of the total trees and the natural regenerated tree species accounted for 17.0%, though they only made up 14.7% and 3.6% of the total basal area. Furthermore, Pinus massoniana was not the most dominant tree species any longer, being replaced by Quercus griffithii. In contrast, in the control treatment Pinus massoniana accounted for 98.4% of the total trees and almost no natural regeneration occurred into the overstory. 
. Understory Species Composition
After the transformation and enrichment planting in 2008, the understory in management treatments was diversified by the enrichment planted tree species (Table 1) . In contrast, there were neither natural nor planted trees in the understory of the control treatment. After six years of conversion, the understory of the transformation treatments was more diversified not only by the enrichment planting but also by tree species from natural regeneration ( Table 3) . For instance, in the A4 treatment, the enrichment tree species Quercus griffithii, Erythrophleum fordii, Magnoliaceae glance, and Erythrophleum fordii accounted for 51.4% of the total trees and the other 48.6% consisted of species that naturally regenerated (Table 3 ). In contrast, for the control treatment there were still nearly no trees in the understory. 
Forest Structure
The stand density (number/ha), stand volume/ha, and basal area/ha for total trees differed significantly among the treatments both in 2008 and 2014 and the paired comparison revealed that the control treatment was significantly higher than the other treatments ( Figure 2 , Appendix Table A1 ). The mean size for all trees-residual trees and new growth-was generally unchanged in the transformation treatments while a significant increase was found in the control treatment (Appendix Table A2 ). The control treatment had the smallest mean size among all the treatments in 2008 while it had the significantly largest mean size in 2014 (Appendix Table A1 ). 
In 2008, all the treatments showed a near normal DBH distribution: the frequency gradually increased to a peak and then gradually decreased among the larger diameters ( Figure 3 ). In 2014, the diameter distribution moved towards the right and the range of DBH classes extended both upwards and downwards especially in the transformation treatments. For instance, in the A3 treatment, the DBH classes in 2008 ranged from 12 to 26 cm while in 2014 values ranged from 6 to 44 cm. The substantial growth in the small DBH classes was found only in the transformation treatments, indicating that the DBH distribution tended to shift from a near normal distribution to an irregular multi-modal distribution with a large amount of small trees appearing in the small DBH class. However, in control treatments the DBH distribution still exhibited a near normal distribution. Over the six-year study period, residual trees of Pinus massoniana increased in size in all treatments, but considerably less so in control treatments (Appendix Tables A1 and A2 ). For example, the mean volume was 92.8%, 78.3%, 110.5%, and 88.3% greater after six years in the A1-A4 treatments, respectively, but was only 36.1% larger in the control treatment. Trees in the control treatment were the smallest and significantly different from the other treatments (Appendix Tables A1 and A2 ). The annual residual tree growth for Pinus massoniana was significantly smaller in the control treatment compared to the other treatments (Appendix Table A1 ). For example, the annual tree volume growth in the transformation treatments (A1: 32902.6 ± 12639.0, A2: 30281.9 ± 7709.4, A3: 33548.4 ± 3492.1, A4: 32052.7 ± 4386.0 cm 3 /ha) was more than three times larger than in the control treatment (9138.5 ± 4732.3 cm 3 /ha).
For enrichment plantings, Magnoliaceae glance, Castanopsis hystrix, and Quercus griffithii were observed as residuals between 2010 and 2014 (Table 4) . Quercus griffithii had the largest annual diameter growth of 1.5 cm. Magnoliaceae glance ranked second with an annual diameter growth of 1.2 cm. Finally, Castanopsis hystrix grew in diameter by only 0.9 cm. For natural regeneration, 6 tree species were recorded as residuals, which were Styrax serrulatus, Ficus simplicissima, Mallotus philippensis, Trema orientalis, and Schefflera actinophylla. All were pioneer tree species and their annual growth is found in Table 4 . 
Ingrowth
After six years, the enrichment planting gradually grew into the lower inventoried diameter class. For example, in the A1 treatment, the ingrowths of Castanopsis hystrix and Magnoliaceae glance together accounted for 30.4%, 4.8%, and 1.7% of the number, basal area and volume of total trees (Tables 2 and 5 ).
In addition to enrichment plantings, ingrowth also originated from natural regeneration. The naturally regenerated ingrowth observed in all treatments was comprised of 16 pioneer tree species such as Schefflera octophylla, Evodia lepta, Mallotus philippensis, and Rhus chinensis. The number of naturally regenerated ingrowth was 225, 119, 131, and 131 stems per hectare for treatment A1-A4, respectively. For example, in the A4 treatment, the regenerated ingrowths consisted of 12 tree species and accounted for 17.4%, 3.6%, and 1.9% of the number, basal area, and volume of total trees. In contrast, there were only 19 regenerated ingrowths per hectare in treatment A5 (Tables 2 and 5 ). 
Mortality
The overall mortality rates were 35.7%, 43.9%, 31.5%, and 26.9% for the transformation treatments A1, A2, A3, and A4, respectively (Table 6) . Quercus griffithii had the smallest mortality rate, whereas Erythrophleum fordii had the highest mortality. In treatment A4, the mortality rate of each tree species was smaller than the corresponding value in other treatments. For instance, the mortality rate of Erythrophleum fordii in treatment A4 was 42.3%, while it was 67.7% in treatment A2. 
Discussion
Species Composition and Forest Structure
Our findings suggested that in the transformation treatments the species composition in either the overstory or the understory was diverse while the control treatment almost only consisted of the originally planted species. The improvement of species composition could be attributed to forest gaps created by the transformation, which triggered natural regeneration and allowed enrichment plantings to grow into the overstory [35] . Forest gaps can provide a suitable forest microclimate for natural regeneration and for ground flora [36, 37] . However, Madsen and Hahn [38] found that the regeneration response to gap formation was limited and few seedlings were added to the overstory. This was because the gaps in their research were too small and closed only in three or four years. Therefore, the gap effect was too short for regeneration to establish and to fully develop. In our transformation treatments, we used heavy thinning to a density of 70% and gaps were large enough for natural regeneration and enrichment plantings to establish and to develop into canopy trees. However, heavy thinning could also cause many negative impacts. For instance, residual trees after heavy thinning should be easily suffered from blowdown by strong wind [39, 40] . Blakemore et al. [41] , stated that the low stocking levels after heavy thinning may lead to the depreciation of wood physical properties, such as density and dimensional stability because of increased ring width and percentage of earlywood. In contrast, since no forest gaps were created for the control treatment, it was difficult for the natural tree species to colonize the stands and develop.
The control treatment had the smallest mean size among all the treatments in 2008. This was because we selected and cut the low quality smaller trees during transformation, which resulted in a larger mean size compared to the control treatment. However, the control treatment had the highest mean tree size in 2014, due to high levels of ingrowth in the transformation treatments that reduced average tree size. Tree-size diversity was increased in the transformation treatments (Figure 2 ). This was primarily the result of ingrowth from both natural regeneration and enrichment plantings under forest gaps. Many studies have already found that forest gaps created by selective logging can increase structural diversity within forest stands [42] [43] [44] . In addition, we also expect a more diverse spatial structure (though not analyzed here) in the transformation treatments especially when trees from enrichment plantings and from natural regeneration dominate the overstory and are able to self-regenerate.
Growth Pattern and Determination of Optimal Transformation Treatment
Residual trees of Pinus massoniana in all treatments increased in size significantly over the six-year study period and the increase was much higher in the transformation treatments (Appendix Tables A1 and  A2) . A similar result was reported by O'Hara et al. [45] , who found that average volume for residual trees was 124% and 107% greater after 4 years in the low-and moderate-density treatment, respectively, but only 72% larger in the control treatment. This was because thinning conducted in the transformation treatments released competition, which resulted in an increase in resource availability for residual trees.
Mean size of all trees increased in the control but remained unchanged in the transformation treatments. This was because new growth in the transformation treatments reduced average tree size (Appendix Table  A2 , Figure 2) , whereas self-thinning in the control treatments tended to increase average tree size. The similarity of tree size among the transformation treatments (Figure 3 ) was due to the fact that all were essentially open-grown following the thinning. Since crown closure will shift stand development from an initiation to an exclusion mode [46] , we expect that in the future tree size in the transformation treatments will further differentiate, resulting in a greater size diversity.
A number of studies have found a positive relationship among plant diversity, ecosystem stability, and resilience after perturbation [47] [48] [49] . For example, Schläpfer and Schmid [50] suggested that species-rich assemblages in grassland ecosystems are more stable than species-poor assemblages. The transformation treatment A4 had the smallest overall mortality rate and simultaneously the mortality rate of each tree species was smaller than the corresponding value in other transformation treatments (A1-A3). This was probably because the transformation treatment A4 had higher species richness and thus was more stable than the other three transformation treatments.
In a recent meta-analysis by Cardinale et al. [51] , the conclusion was that, in general, high species richness in plant communities was related to higher productivity. Similarly, numerous studies have already suggested that the improvement of species mixture and diversity has a positive contribution to tree and stand growth [52] [53] [54] [55] . However, different statements about the relationship between species diversity and productivity were also proposed. For instance, Forrester [56] argued that site conditions have a strong influence on whether there could be diversity-productivity relationships. Binkley [57] reported that P.menziesii monocultures were less productive than mixtures at the low N site but not at the high N site. Morin et al. [58] , stated that stand productivity increased with species diversity, and the absolute complementarity effect increased with increasing site quality. In the present study, the transformation treatment A4 showed no significant advantage over the other transformation treatments in terms of growth or productivity. This is probably because the observation interval is too short for transformation treatment A4 to differentiate from the other transformation treatments and reveal its advantage. In addition, this could also be attributing to the nutrients which were regarded to be the limiting factor at these sites of low quality. After six years transformation, the nutrients influenced by species interactions increased and so did the complementary effects. However, the complementary effects might decrease or disappear with increase of nutrients in other sites of relatively good quality. Therefore, we concluded that with a comparison to the present sites the transformation A4 would have even larger effect in the nutrient-poorer sites whereas smaller or no effect in the nutrient-richer site. Finally, we determined transformation A4 as the optimal transformation treatment because of its smallest overall and species-specific mortality rate as well as its potential higher productivity caused by higher species diversity than the other transformation treatment.
Conclusions and Future Prospects for Sustainable Forest Management
Conclusions
With only six years of transformation, the species composition, stand structure, and growth pattern in the transformed stands demonstrated obvious advantages over control stands. This one-time transformation treatment will change the composition of the forests for many years to come in a self-sustaining manner. Transformation treatment A4, which had the smallest overall mortality rate and simultaneously the mortality rate of each tree species was smaller than the corresponding value in other transformation treatments (A1-A3), was identified as the optimal transformation, though there was no significant advantage over the other transformation treatments in terms of growth or productivity, likely due to the short duration of our study. The sites in the present study were poor in nutrients and the transformation treatment A4 could be applied in the sites that have fewer nutrients than the present sites. In other sites, for instance, the sites rich in nutrients where the complementary effect might not be observed or the sites where P. massoniana is very competitive and it might be hard for any other species to compete with it, this type of mixing treatment might not work. Finally, we concluded that converting a monoculture conifer plantation into a mixed-species forest improved stand quality and therefore might be a possible option for multi-purpose forest management in China, which has the largest areas of plantation in the world.
Future Prospects for Sustainable Forest Management
The transformed stands should be monitored continuously and carefully with great attention to the forest gaps until most of the broad-leaved tree species grow into the overstory and can self-regenerate. The successful establishment of regeneration and potential development into canopy trees depends on gap size [59] . For instance, if we desired light-demanding tree species, gaps should be of substantial size and have the ability to stay relatively open for several years. A series of gap cuttings can be used to expand the original gap for the facilitation of regeneration establishment and development.
Further enrichment plantings are necessary in places where no natural regeneration occurred. Advanced regeneration may be relatively secure, though seedlings established after gap formation can be ephemeral [42] . Sites with advanced regeneration are those with regeneration success in the years following gap formation. Collet and Chenost [60] have also reported that advanced regeneration can respond very rapidly to canopy opening and that very few seedlings regressed or died following gap formation.
Investigation of spatial structure should be encouraged in the future as it may provide an indirect indication of the underlying ecological process of forest stands, which is useful to forest management decisions [9, [61] [62] [63] . A good example of relating forest spatial structure with management decisions was proposed by Tang et al., who suggested that a sound forest spatial structure might be characterized by low competition, high species intermingling and uniform distribution [64] . 
